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ABSTRACT 
Polarization and depolarization current measurement is a non-destructive testing 
method to study the dielectric properties of insulating materials. Two types of 
mineral oils with different aging times have been studied using both time domain and 
frequency domain methods separately. In this paper, a novel approach to 
understanding the correlation between the electric conduction in time domain and 
frequency domain has been proposed. When the charge carriers drift to the 
electrodes, they may be blocked and accumulated near the electrode. The amount of 
charge in the vicinity of electrode has been estimated. In the depolarization period, 
these charge layers will return to the bulk resulting in a depolarization current. In 
this paper, an analytical solution to the time dependence of the depolarization current 
has been developed and used to fit the experimental results. The field and 
temperature dependence of the polarization and depolarization current have been 
used to study the characteristics of charge carriers in mineral oil. The calculated 
conductivity has been used to simulate the frequency response in mineral oil and the 
simulating results have been compared with the experimental data.  
      Index Terms - Current, conductivity, mineral oil, electric field,  diffusion. 
 
1   INTRODUCTION 
MINERAL oil, as a non-conducting insulation and a good 
coolant, has been widely used in high voltage equipment. The 
degradation of mineral oil is recognized as one of the major 
causes of the failure of high voltage equipment [1-2]. Thus, 
accurate evaluation of dielectric properties of mineral oil can 
surely benefit the power industry. Polarization and depolarization 
current technique has been employed in the assessment of 
insulating status. It has been accepted that moisture, ageing, 
temperature and electric field can affect the PDC characteristics 
of insulating media [3-5].  
In 1933, Jaffé proposed a polarization theory in crystals under 
the assumption that the two metal electrodes are completely 
blocked [6]. This theory has been extended in other media and 
confirmed experimentally [7-9]. In Jaffé’s work, a series of 
exponential expressions has been suggested to describe the 
polarization and depolarization process in liquid [9]. Later, 
Macdonald pointed out that Jaffé’s assumption that the density of 
the charge carriers did not change much during the polarization 
and depolarization process was only valid under a voltage of 0.2 
V, which was much lower than the voltage applied in Jaffé’s 
experiment [10]. The classic ionic drift and diffusion model has 
been widely employed in the study of the electric conduction in 
mineral oil [11-13]. Gafvert et al have studied the field distortion 
between two parallel electrodes under DC field [12]. The ionic 
mobility has been estimated using the ionic drift and diffusion 
model by many researchers [11-13]. Recently, Lavesson et al 
proposed a computer based method to simulate the field 
dependence of electric conduction and they found that the 
simulation results had a good agreement with the experimental 
results [13]. However, how to evaluate the high field resistivity of 
mineral oil is still under debate and this topic has been discussed 
in CIGRE Study Committee A2: joint working group JWG 
A2/D1.41 “Transformer insulation – oil conductivity”.  
Although a lot of researches on polarization and depolarization 
in mineral oil have been carried out, it is still not clear how to 
relate the time domain experimental results to the frequency 
domain results through using the ionic drift and diffusion theory. 
Besides, the correlation between the motion of the charge carriers 
and the polarization and depolarization current has not been well 
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understood. In our previous work, we have found that the AC 
conductivity increases with ageing period, whilst the frequency 
dependent permittivity does not change much within a frequency 
range from 100 to 0.01 Hz [14]. With Frood’s assumption that 
there might be high mobility and low density charge carriers in 
dielectric liquid, this frequency domain dielectric behavior can be 
explained [15]. Later, a space charge polarization theory based on 
this assumption has been developed [14]. As the mechanism of 
the electric conduction in mineral oil must be consistent under 
both AC and DC field, the polarization theory that was developed 
in frequency domain should also be valid under DC field.  
In this paper, the electric conduction of two kinds of mineral 
oils with different aging times will be measured using the 
polarization and depolarization current techniques. An analytical 
theory of ionic conduction will be developed. The parameters 
used in the calculation will be employed to calculate the real part 
of the complex permittivity. The calculated results will be 
compared with the experimental data. Analysis and 
interpretations of the experimental results will also be present in 
this paper. 
 
2  THEORY OF ELECTRIC CONDUCTION IN 
MINERAL OIL IN TIME DOMAIN 
      If Frood’s assumption of the existence of the high mobility 
charge carriers in dielectric liquid is valid [15], when the 
mineral oil is depolarized, all these fast charge carriers will be 
extracted in a very short of time. Thus, the depolarization 
current mainly relies on the motion of the ionic charge 
carriers. As the space charge polarization theory [14], which is 
based on this assumption, indicates that the total conductivity 
is only partially contributed by the motion of the ions, the 
conductivity calculated from time domain experimental results 
should also be lower than the experimental value. In this 
chapter, an analytical expression to estimate the conductivity 
from the depolarization current will be proposed. 
2.1 POLARIZATION CURRENT AND ADSORPTION 
OF IONS 
Let us consider a pair of parallel plate metal electrodes 
filled with mineral oil. The distance between the two 
electrodes is l. Assuming that the mineral oil can be treated as 
a liquid, in which the density of free ions is far smaller 
compared to that of the ionic pairs, the dissociation and 
recombination process can be described as 
                        d r
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where, c is density of ionic pairs, n  and n  is density of 
positive and negative ions in the mineral oil, dK is the 
dissociation rate and rK is the recombination rate.  
     If cations and anions are distributed evenly between the two 
metal electrodes and the diffusion coefficient, the mobility, the 
density and the charge that is carried by a single charge carrier 
of positive ions are equal to those of negative ions, the density 
of positive and negative ions can be denoted as  
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where, 0n  is the initial density of positive or negative ions,   
is the conductivity of mineral oil,   and   are the mobility 
of the positive and negative ions, respectively, and q is the 
charge carried by a single charge carrier.  
The recombination rate can be calculated using Langevin 
approximation,  
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in which, 0  is the permittivity of vacuum and r is the 
relative permittivity of mineral oil.  
According to Onsager’s field enhanced dissociation theory, 
the dissociation rate can be written as [16]  
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where, 1I  is the modified Bessel function of the first kind, 
0
dK is the dissociation rate in the absence of electric field, E is 
the electric field strength, k is the Boltzmann constant and T is 
the absolute temperature.  
In equilibrium state, the dissociation rate in the absence of 
electric field can be denoted as  
                                 0 20 /d rK K n c                                   (6) 
Here, the electric conduction will be discussed under a 
medium electric field strength in which the newly generated 
charge carriers can be extracted from the bulk within one 
second without introducing significant parasitic effects, such 
as, electrohydrodynamic motion, charge injection and charge 
convection. In this paper, the electric conduction will be 
discussed under the field strength ranges from 1 kV/mm to 5 
kV/mm. In this regime, the recombination of free ions can be 
neglected and the current is mainly contributed by the motion 
of the newly generated charge carriers. As indicated by 
Pontiga and Castellanos, if the internal field can be 
approximated by the mean electric field, the current density 
induced from ionic dissociation, disj ,can be written as [17-18] 
                                 2dis dj K clq                                     (7) 
 On considering a situation that an electric potential of 1 kV is 
applied on a liquid sample with thickness of 1 mm, the ionic 
charge carriers with a mobility of  51 10  cm2/(s·V) can travel 
a distance of 1 mm in one second. Therefore, all the pre-existing 
charge carriers in the liquid sample can reach the electrode 
within one second. For a completely blocked electrode, the 
charge in the vicinity of one electrode can be estimated using 
                    1 / (2 ) 2
2
d d d d pSl K clqSt                     (8)  
in which, S is the surface area of the metal electrode, d  is the 
conductivity contributed by the motion of the charge carriers 
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dissociated from ionic pairs, d     is the mobility of 
the ionic charge carriers and pt  is the electrification time. 
    The boundary conditions have been discussed previously by 
Jaffé et al [7-9]. Assuming that there exists a state of 
equilibrium concentration at the electrodes in the absence of 
an applied voltage and the rate of discharge of ions is 
proportional to the difference between the instantaneous 
values and the equilibrium value, for the positive ions, the 
current density at the electrode can be denoted as [9] 
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where,   is the adsorption coefficient and n   is the 
equilibrium value for the density of the positive ions which 
depends on the nature of the liquid. If we assume the 
distribution of the ions is homogeneous between the two 
parallel electrodes, 0n n

   . 
Assuming that most of the ionic charge carriers will be 
trapped in a small region that is close to the electrode and these 
charge carriers will be distributed evenly in that region, the total 
charge in the charge layer obeys the following expression, 
0 0( ) ( )
d
d d d
d
K cSl n n V K cSl n V
dt
            (10) 
where V is the volume of a region close to the electrode and 
d is the amount of charge in the charge layer. The first term 
on the right side represents the newly generated ionic charge 
carriers; the second term describes the process that the ionic 
charge carriers are neutralized by the electrode. 
     On considering that most of the initially dissociated ionic 
charge carriers are moved to a close region of the electrode 
within one second and only the long-term conductivity are 
interesting here, d  at time t = 0 can be given in the form of 
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The solution of equation (10) is represented by 
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 As seen from equation (12),   is also a time constant which 
indicates the charging time of the charge layer. However, there 
is no report concerning this parameter in mineral oil.  
In an equilibrium state, the amount of charge in a charge 
layer can be estimated using the following equation, 
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2.2 DEPOLARIZATION CURRENT  
If the electric field can be treated to be homogeneous, the 
depolarization will be only affected by the diffusion of the 
ionic charge carriers. The assumptions that all charge carriers 
can be blocked by the electrode will be made here. As these 
charge carriers cannot get through the electrodes, they can 
only move backwards into the bulk. If the diffusion only 
happens in 1-D system and there are only positive charge 
carriers in the mineral oil, the current density at point x can be 
denoted as, 
                             ( , )dep
dnj x t qD
dx
                            (14) 
where, ( , )depj x t  is the depolarization current density and 
D is the diffusion coefficient. 
With conservation of mass, the dependence of charge 
density upon the time can be denoted as 
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When the DC field is removed, these charge carriers will 
diffuse back into the bulk. Due to the fact that the distribution of 
the charge carriers in the charge layer is not very clear, it would 
be unpractical to calculate the diffusion current. Here, an image 
method is going to be proposed so that the diffusion current can 
be calculated without the knowledge about the charge 
distribution in the charge layer. The scheme of this method is 
illustrated in figure 1. If the ionic diffusion in the middle of the 
bulk can be ignored, the boundary condition can be written as 
                          (0, ) ( , ) 0n t n l t                              (16) 
 
Figure 1. Distribution of charge carriers when the image method is applied. 
The solution to equations (14) - (16) is similar to that of 1-D 
thermal diffusion equations [19]. It is easy to obtain the 
general solution by direct substitution. The charge distribution 
at the moment that the external field is removed can be 
described as 
                               ( , 0) ( )n x f x                                 (17) 
 
Therefore, the solution to equation (14) can be denoted as 
    
1
2
( , ) sin( ) exp
s
s
s s
n x t B x D t
l l
 


 
                (18) 
in which, sB is the coefficient related to the initial charge 
distribution and s is a positive integer.  
Employing the initial condition of equation (17), the 
coefficient sB can be calculated using the following 
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expression, 
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On considering the symmetry of the charge distribution in figure 
1, the expression for the charge distribution can be denoted as 
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where ( , )Q x t   is the charge density. As we are not interested 
in the current that is measured right after the sample is short- 
circuited, those high order components can be ignored, thus, 
the charge density can be written as 
               21 2( , ) exp( )sin( )DQ x t B q t xll
                    (21) 
 If the total charge in one charge layer is 1Q  , 1B  can be 
approximated as 
                              1 14 / ( )B Q lq                                    (22) 
As seen from equation (20b), if the thickness of the charge 
layer is much shorter than the length between the two metal 
electrodes, sin((2 1) ) 1s x
l
  . Thus, if the image method is 
employed, the depolarization current can be calculated without 
the knowledge of the distribution of charge carriers in the 
charge layer.   
With conservation of electric charge  
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The depolarization current density can be denoted as 
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As the current between the two metal electrodes are not 
homogeneous, thus, an integration will be employed here to 
calculate the current flowing through the measuring circuit. 
The total current density that flows in the external 
circuit, ( )J t , can be calculated as  
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 If there are multiple kinds of charge carriers, this current 
density can be written as 
          
2
2 2
1
4( 2)
( ) exp( )
n
a a a
a
Q D D
J t t
l l 
                  (26) 
in which,  aQ and aD  are the total charge in the charge layer 
and the diffusion coefficient for the a-th charge carriers.  
For negative charge carriers, we can obtain 
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Here, we assume that the diffusion coefficient, mobility and 
number density of positive ions are equal to those of negative 
ions. The total depolarization current density, ( )totJ t , that is 
contributed by both positive and negative charge carriers can 
be written as 
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As seen from equation (28), the exponential terms are 
similar to that derived by Jaffé and Adamczewski [9, 20]. 
How to use equation (28) to calculate the DC conductivity will 
be discussed later. 
 
3  EXPERIMENTAL SETUP 
    The electrode system that was designed by Küchler has 
been used in the polarization and depolarization current 
measurement [21]. This electrode system was placed in a 
sealed glass test cell. The distance between the high voltage 
electrode and the measuring electrode is 1 mm, the gap 
between the measuring electrode and guard electrode is 0.5 
mm and the edge radiuses of the measuring electrode and the 
guard electrode are 0.5 mm. The test cell was evacuated first 
and then injected with the mineral oil from a vacuum vessel to 
avoid contamination from the air. The tests were performed 
under different temperatures (30 and 90 °C) and different 
electric field strengths (1, 2 and 5 kV/mm).  
     Two kinds of mineral oils have been tested, the fresh 
mineral oil (oil A), and the aged mineral oil was taken from a 
HVDC converter transformer which has been in service for ten 
years (oil B). A DC voltage was applied across the test object 
for three hours. When the voltage was removed, the object 
was short-circuited and the depolarization current was 
recorded.  
      Solartron dielectric interface 1296 and model 1260A 
impedance/gain-phase analyser have been used for the 
dielectric spectroscopy measurement. The voltage across the 
sample was 1 V. The experiment was performed at two 
different temperatures (30 and 90 Ԩ) and the distance between 
the two metal electrodes is 0.5 mm. The frequency range for 
the test was 100-0.01 Hz.  
 
4  EXPERIMENTAL RESULTS  
     The results are divided into polarization current and 
depolarization sections.    
4.1 POLARIZATION CURRENT 
     Figures 2 and 3 show the time dependence of the 
polarization current of oil A and B under different 
temperatures and electric field strengths. The blue, red and 
green lines represent the time dependence of the polarization 
current of oil A under the electric field strengths of 1000 
V/mm, 2000 V/mm and 5000 V/mm, respectively. When the 
measuring temperature is 30 Ԩ, the steady-state current does 
not change much with the electric field strength and it seems 
the polarization current has entered a saturated region and no 
longer obeys Ohm’s law [20]. The initial current seems to 
increase with the electric field strength at both 30 and 90 °C, 
which indicates the velocity of the charge carriers can increase 
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with the electric field strength. The steady- state current that 
measured at  90 °C does not change much when the electric 
field strength increases from 1000 to 2000 V/mm, whilst a 
significant increase can be observed under a field strength of 
5000 V/mm. It suggests that the polarization current of oil A 
has passed the saturated region and starts to increase again. 
 
Figure 2. Time dependence of the polarization current of oil A under different 
electric field strength at 30 Ԩ. 
 
Figure 3. Time dependence of the polarization current of oil A under different 
electric field strength at 90 Ԩ. 
 
Figure 4. Time dependence of the polarization current of oil B under different 
electric field strength at 30 Ԩ. 
    The time dependence of the polarization current of oil B 
under different fields strengths and temperatures is shown in 
figures 4 and 5. The initial current and the steady- state current 
increase with the electric field strength at both 30 and 90 °C. It 
seems there is no saturated region for the field dependent 
electric conduction in oil B. In contrast with the experimental 
results of oil A, the curves of the time dependence of the 
polarization current are smoother under a field of 1000 and 
2000 V/mm. The measured current becomes unstable when 
the field strength is 5 kV/mm. It has been reported that under 
high electric field, instability that are characterised by violent 
fluctuations in the magnitude of the current can be observed 
[20, 22]. Nosseir et al claimed that this fluctuation was caused 
by the neutralization of the impurities and the charge injection 
at the electrode [22]. The current also increases with the 
temperature. The steady- state current of oil B measured at 90 
°C is about 10 times higher than that measured at 30 °C.  
 
Figure 5. Time dependence of the polarization current of oil B under different 
electric field strength at 90 Ԩ. 
  4.2 DEPOLARIZATION CURRENT 
      Figures 6-7 depict the time dependence of the 
depolarization current of oil A under different field strengths 
at 30 and 90 °C, respectively. Figures 8-9 show the time 
dependence of the depolarization current of oil B under 
different temperatures and field strengths. The circular, 
square and star markers represent the experimental results 
obtained under the electric field strengths of 1000, 2000 and 
5000 V/mm, respectively.  
     As seen from figures 6-9, the maximum values of the 
magnitude of the depolarization current of both oil A and oil 
B increase with the electric field strength and they decrease 
faster under a higher electric field strength. It is accepted that 
the dissociation rate and the ionic injection rate increase with 
the field strength [16, 23-27], and consequently there should 
be more charge carriers participating in the electrical 
conduction process under a higher field strength. As more 
charge carriers will be blocked by the electrodes, the amount 
of charge in the charge layer will also increase with the 
electric field strength. When the oil sample is short-circuited, 
the charge carriers that are stuck in the vicinity of the 
electrodes will start to drift backwards to the bulk causing a 
depolarization current. Thus, the magnitude of the 
depolarization current should also increase with the field 
strength. It seems this explanation is consistent with results 
of the depolarization current measurement. 
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Figure 6. Comparison between the experimental value of the depolarization 
current of oil A at 30 ? and the theoretical fits according to equation (29)  
 
Figure 7. Comparison between the experimental value of the depolarization 
current of oil A at 90 ? and the theoretical fits according to equation (29). 
     
Figure 8. Comparison between the experimental value of the depolarization 
current of oil B at 30 ? and the theoretical fits according to equation (29). 
     As seen from figures 6-9, when the temperature increases, a 
bigger magnitude of the depolarization current can be observed. 
The viscosity of the mineral oil decreases with temperature, 
thus, the friction force due to the viscosity is reduced when the 
temperature is increased. Besides, the dissociation rate increases 
with the temperature and more charge carriers are generated at a 
higher temperature [28]. Consequently, there will be more 
charge in the charge layer at 90 ?. When the external voltage is 
removed, these charge carriers in the charge layer will move 
backwards to the bulk between the two metal electrodes. A 
higher mobility of the charge carriers can result in a faster 
depolarization. Therefore, when the test media is depolarized, 
the magnitude of the depolarization current induced by the drift 
and diffusion of the charge carriers in the charge layer increases 
with the temperature. Although the conductivity of oil B is 
much higher than that of oil A, the magnitudes of the 
depolarization current of these two oils obtained at the same 
temperature and electric field are similar, which suggests the 
electric conduction in mineral oil may not contributed by the 
ionic charge carriers only. 
         
Figure 9. Comparison between the experimental value of the depolarization 
current of oil B at 90 ? and the theoretical fits according to equation (29) 
5  DEPOLARIZATION CURRENT AND 
FREQUENCY DOMAIN DIELECTRIC 
SPECTROSCOPY 
In this section, how to relate the time domain results with 
the frequency domain results will be present. The conductivity 
calculated from the depolarization current results will be 
substituted by the polarization theory that was developed in 
frequency domain to obtain the relevant frequency responses. 
If Frood’s assumption is valid [15], the simulated frequency 
response should be close to the experimental value. 
As seen from equation (28), the curve for depolarization 
current can be calculated by a formula of the type 
                   
1
exp( )
n
dep tot a a
a
I J S C b t

                    (29) 
As the mineral oil is a mixed compound of paraffin, 
naphthene and aromatic, there should be charge carriers with 
different mobility in the mineral oil [1-2]. In this paper, a was 
set to be 3 to obtain a better fit. The value of parameters Ca 
and ba (a = 1, 2, 3) are obtained from the "try and error" 
method.  
Figures 6-9 show the comparison between theory and 
measurements on the depolarization current of oil A and oil B. 
The blue, red and green curves represent the calculated value 
of the depolarization under field strengths of 1000, 2000 and 
5000 V/mm. The constants used in this calculation for the 
depolarization current of oil A and oil B are given in Table 1 
and Table 2, separately. It has been seen that the theoretical 
curves can fit the experimental data with good accuracy. 
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Table 1. Constants used in the calculation of depolarization current of oil A 
Table 2. Constants used in the calculation of depolarization current of oil B. 
For simplicity, we assume the adsorption coefficient 
 does not change with the electric field. As seen from 
equation (12), this adsorption coefficient can also be 
considered as a time constant of polarization. Here, this 
coefficient is assumed to be subject to the following 
expression 
                                   1 / t                                      (30) 
where, t is the settling time that is required for the time 
domain response to reach the equilibrium state. 
The length of the charge layer in the vicinity of the 
electrode can be estimated by the Debye length of the liquid 
and the Debye length for non-polar liquid is around several 
micrometres [29]. As seen from figures 2-5, the settling time 
to reach the quasi-steady state is higher than 100 s, 
therefore 0.01  . The DC conductivity of oil A measured 
experimentally is higher than 0.10 pS/m. If a Debye length 
of 10μm is assumed, the following correlation can be easily 
obtained, 
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K cSl SlI b
n V b V

      (31)        
Therefore,  equation  (13) can be simplified as, 
                     21
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r
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K n Sl
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                         (32) 
With equation (28), the charge in the charge layers and the 
mobility of the charge carriers can be denoted as 
                           2 2 2/ 8 ( 2)/ ( )a a aa a
Q C S b
b ql kT
     
                       (33) 
    If equations (32) and (33) are compared, the correlation 
between the conductivity and the total charge in the charge 
layer can be expressed as 
                            21
(4 )
2 r a
I b
K n qSl t Q S
b
                         (34) 
    The conductivity contributed by the a-th charge carriers can 
be denoted as 
                 
2 2
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The calculated mobility and the relevant conductivity of oil A 
and oil B can be found in Tables 3 and 4, respectively. As seen 
from Tables 3 and 4, the conductivity contributed by the motion 
of the charge carriers with the same mobility does not change 
much with the electric field strength, which indicates that the 
depolarization process may strongly rely on the ionic diffusion. 
The total calculated conductivity increases with the temperature 
because of a high dissociation rate and a low viscosity at high 
temperature. These parameters can provide a brief view of the 
dielectric characteristics of charge carriers in mineral oil. 
However, how to relate these calculated values to the physical 
and chemical properties of mineral oil is still not clear and more 
research is needed. 
Table 3. Calculated conductivity and mobility of charge carriers in oil A 
Table 4. Calculated conductivity and mobility of charge carriers in oil B 
Oil B has been aged for 10 years and suffered from 
electric, thermal and chemical stresses, therefore, the 
amount of the ionic charge carriers in oil B should be 
higher than that in oil A. If the total calculated 
conductivities that are contributed by the motion of the 
ionic charge carriers of oil A and oil B are compared, the 
total conductivity induced by the ionic charge carriers of 
oil B is slightly higher than that in oil A. However, both the 
steady- state and the initial conductivity current of oil B 
experimentally measured are about 30-100 times higher 
than that of oil A. Thus, other types of charge 
transportation should be involved in the polarization 
period. In our previous work, a polarization theory 
involving the motion of the charge carriers that have low 
density and high mobility has been proposed. If these high 
mobility charge carriers do exist, the total conduction 
should contain two parts: the ionic conduction induced 
temperature 
 
a ba 
Ca 
 1 kV/mm 2 kV/mm 5 kV/mm 
 1 1 2.5× 10-11 6.0× 10-11 5.0× 10-11 
30 ?. 2 2×10-2 1.6× 10-11 3.3× 10-11 8.7× 10-11 
 3 1× 10-3 1.7× 10-12 2.9× 10-12 7.2× 10-12 
 1 1×10-1 1.9× 10-10 1.0× 10-10 6.0× 10-10 
90 ?. 2 2×10-2 1.9× 10-10 2.6× 10-10 3.6× 10-10 
 3 2×10-3 2.0× 10-12 4.0× 10-12 5.0× 10-12 
temperature 
 
a ba 
Ca 
 1 kV/mm 2 kV/mm 5 kV/mm 
 1 1 1.5× 10-11 4.0× 10-11 1.9× 10-10 
30 ?. 2 5× 10-2 1.0× 10-11 1.8× 10-11 5.0× 10-11 
 3 4× 10-4 1.4× 10-12 2.5× 10-12 5.4× 10-12 
 1 2×10-1 1.5× 10-10 3.9× 10-10 8.0× 10-10 
90 ?. 2 2×10-2 1.6× 10-10 3.0× 10-10 4.5× 10-10 
 3 7×10-4 2.2× 10-11 2.3× 10-11 2.9× 10-11 
temperature 
 
a a (cm2/(s·
V)) 
( )d a  (pS/m) 
 1 kV/mm 2 kV/mm 5 kV/mm 
 1 3.83× 10-2 0.38 0.49 0.27 
30 ?. 2 7.65× 10-4 0.31 0.36 0.36 
 3 3.82× 10-5 0.10 0.11 0.10 
 1 3.20× 10-3 1.36 0.82 1.21 
90 ?. 2 6.39× 10-4 1.36 1.31 0.94 
 3 6.39× 10-5 0.14 0.16 0.11 
temperature 
 
a a (cm2/(s·
V)) 
( )d a  (pS/m) 
 1 kV/mm 2 kV/mm 5 kV/mm 
 1 3.83× 10-2 0.42 0.56 0.79 
30 ?. 2 1.92× 10-3 0.34 0.38 0.38 
 3 1.53× 10-5 0.16 0.14 0.12 
 1 6.39× 10-3 1.73 2.27 1.98 
90 ?. 2 6.39× 10-4 1.77 1.98 1.49 
 3 2.24× 10-5 0.66 0.55 0.38 
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from the motion of the ionic charge carriers and the 
conduction that is induced from those high mobility charge 
carriers [14]. It has been reported that the ratio of the 
conductivity contributed by the motion of the ionic charge 
carriers over the total conductivity decreases with the 
ageing period [14]. The ionic conductivity of oil A is close 
to its DC conductivity, which means the majority charge 
carrier in oil A is the ionic charge carriers. As seen from 
Table 3 and 4, oil A and oil B have similar ionic 
conductivity. Considering oil B has a much higher DC 
conductivity, the ratio of the ionic conductivity over the 
total DC conductivity of oil B is lower than that of oil A. 
Thus, the electric conduction in oil B mainly depends on 
the motion of the high mobility charge carriers, which is 
consistent with our previous study in frequency domain. To 
sum up, the major conduction in fresh oil is the ionic 
conduction, whilst the high mobility charge carriers 
conduction is the dominate conduction in aged oil, which 
has a good agreement with our previous study in the 
frequency domain measurement [14].  
If the velocity of these charge carriers are proportional to 
the electric field, the motion of these fast charge carriers 
can only contribute to the imaginary part of the complex 
permittivity under a homogeneous field [30]. A modified 
Coelho model has been proposed to explain the dielectric 
behaviour of mineral oil in frequency domain. This 
modified model can be denoted as [30] 
        0
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where,  r  is the relative permittivity of the sample,   is 
the angular frequency, D is the diffusion coefficient, 2d  is 
the distance between the two parallel electrodes and i is 
the conductivity contributed by the motion of the fast 
charge carriers. As seen from equation (36), the motion of 
these fast charge carriers can only affect the imaginary part 
of the complex permittivity and the real part of the complex 
permittivity mainly depends on the drift and diffusion of 
the ionic charge carriers. Since the total conductivity 
contributed by the ions calculated using equation (35) of oil 
A and oil B is close to each other, the real part of the 
complex permittivity of oil A and oil B should not differ 
much from each other.  
     Here, the real part of the complex permittivity of oil A 
and oil B has been calculated using equation (36) and the 
calculated values were compared with the data that 
obtained in experiment. As high electric field strength 
introduces parasitic phenomena, like Electro hydro 
dynamic motion, charge injection, charge convection et al, 
in order to reduce these parasitic effects, only the 
conductivity under a field strength of 1 kV/mm was used in 
this calculation. 
 
Figure 10. Comparison between theoretical and experimental value of the real 
part of the complex permittivity of oil A.  
 
Figure 11. Comparison between theoretical and experimental value of the real 
part of the complex permittivity of oil B  
    The calculated values of the real part of the complex 
permittivity and the values measured experimentally of oil A 
and oil B are illustrated in figure 10 and 11, respectively. The 
difference between the experimental values of the real part of 
the complex permittivity of these two kinds of mineral oil is not 
significant, which means the space charge polarizations in oil A 
and oil B can be similar. The calculated complex permittivity 
using equation (36) is always higher than the experimental data. 
The calculated plots do not differ much from each other at the 
same temperature, which is consistent with the experimental 
results. 
    As Coelho’s model does not take account of the ionic 
adsorption at the electrode, the real part of the complex 
permittivity calculated using Coelho’s model should be higher 
than the actual value. Besides, equation (35) used to calculate 
the dissociated conductivity is not right in a rigid way. As the 
knowledge about the distribution of the charge carriers in the 
vicinity of the electrode is still limited and the non-linearity of 
the ionic drift and diffusion model, to obtain an analytical 
solution for the depolarization current with the field distortion 
being taken into account is not practical and equation (35) is 
only an approximation. If the electric field between the gap of 
the parallel electrodes is not homogeneous, the charge drift 
cannot be ignored and the current induced from ionic drift 
should also be added to the total depolarization current. 
Therefore, the conductivity calculated using equation (35) is 
higher than its actual value. If the field is low, equation (32) is 
not valid as the newly generated charge carriers are unable to 
reach the electrode in a short of time. When the field is high, 
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there are both injected charge carriers and dissociated charge 
carriers in the mineral oil.  These injected charge carriers might 
react with the dissociated charge carriers or the neutral 
molecules and generate new charge carriers. Therefore, the 
analysis method proposed in this paper is only valid for a 
medium electric field. Also, the coefficient of the extraction at 
the electrode cannot be measured directly by the experiment and 
this coefficient may change with the electric field. When the 
field is high, the measured experimental results are fluctuated 
due to the non-linearity in the mineral oil and to acquire this 
coefficient through the method proposed in this paper becomes 
difficult. 
 
6 CONCLUSION 
The conductivity of the mineral oil increases with ageing 
and temperature. At high electric field, the conducting current 
becomes unstable and violent fluctuation can be observed. The 
permittivity of the mineral oil does not change within the 
frequency range from 100 to 1 Hz. If the frequency has a 
further decrease from 1 Hz, the permittivity of the mineral oil 
increases. Although the difference between the conductivity of 
these two types of mineral oils are significant, the magnitudes 
of the depolarization current and the real parts of the complex 
permittivity of these two oils are similar. 
The time dependent curves of depolarization current of the 
mineral oil are well fitted using the exponential equations. The 
total charge density in the charge layer increases with 
temperature and ageing. The calculated ionic conductivity 
does not change much with the electric field. The total 
calculated conductivity increases with temperature and ageing. 
Even the values of the real part of the complex permittivity 
calculated using modified Coelho model is slightly higher than 
the experimental data, the tendency of the theoretical values 
and the experimental values are coherent.  
This paper has proved that by introducing a new type of 
charge carriers, the high mobility charge carriers, the classic 
ionic drift and diffusion theory can be used to explain the 
electric conduction phenomena in mineral oil under both AC 
and DC field. Also, the polarization and depolarization current 
measurement can provide a brief view of the dielectric 
characteristics of charge carriers in mineral oil, which may be 
used in oil condition diagnostics in future. However, the 
polarization theory developed in this paper still needs 
improvement and more research is needed. 
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